The mechanism of sucrose transport into the vacuole of root parenchyma cells of sugar beet was investigated using discs of intact tissue. Active sucrose uptake was evident only at the tonoplast. Sucrose caused a transient 8.3 millivolts depolarization of the membrane potential, suggesting an ion co-transport mechanism. Sucrose also stimulated net proton efflux. Active (net) uptake of sucrose was strongly affected by factors that influence the alkali cation and proton gradients across biological membranes. Alkali cations (Na+ and K+) at 95 millimolar activity stimulated active uptake of sucrose 2.1-to 4-fold, whereas membrane-permeating anions inhibited active sucrose uptake. The pH optima for uptake was between 6.5 and 7.0, pH values slightly higher than those of the vacuole. The ionophores valinomycin, gramicidin D, and carbonyl cyanide m-chlorophenylhydrazone at 10 micromolar concentrations strongly inhibited active sucrose uptake. These data are consistent with the hypothesis that an alkali cation influx/proton efflux reaction is coupled to the active uptake of sucrose into the vacuole of parenchyma cells in the root sink of sugar beets.
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Proton co-transport of sugars has been recently substantiated in a number of higher plant tissues. The energy for this transport of sugars may be provided by a gradient of electrochemical potential for protons across a membrane that could be generated and maintained by a vectorial, membrane-bound ATPase (see refs. I and 14, and references therein). Evidence indicating a proton/ sugar co-transport mechanism driven by a proton gradient in higher plants include: (a) proton influxes and alkalinization of the medium during sugar uptake; (b) transient changes (depolarizations) in the electrical potential of membranes in response to sugar supply; (c) inhibition of sugar uptake by factors that reduce the proton gradient across membranes, such as alkali cations, metabolic inhibitors, and ATPase inhibitors; and (d) stimulation of sugar uptake by factors that increase the proton gradient across membranes such as low pH and ATP supply.
Komor (10) and Hutchings (8, 9) have extensively characterized a proton/sucrose co-transport mechanism in Ricinus cotyledons, and Giaquinta (3, 5) has prevented strong evidence for the coupling of phloem loading of sucrose with proton transport in source leaves of sugar beet. Sugar uptake has also been correlated with proton movements in Samanea pulvini (15) , tomato internode (17), and phloem tissue ofRicinus petioles (12) . However, the ionic gradients existing in source and sink tissues may be quite different. For example, phloem loading of sucrose is from the apoplast which has a low K concentration but a lower pH than the sieve element (7, 21) , whereas, in sugar beet sink tissue, the opposite gradient exists between the apoplast and the vacuole of the storage parenchyma cells (unpublished data). In addition, active phloem laoding occurs across the plasmalemma, but active loading in the root parenchyma cell occurs at the tonoplast. Because of these differences between source and sink tissue, the mechanism of sucrose transport in tissue discs from the taproot sink of sugar beet was investigated. The results indicate the existence of an alkali cation/sucrose co-transport mechanism in the root sink of sugar beet. Very recently, van Bel and van Erven (17) proposed a model for proton and K co-transport with sucrose. Individual plants between 3 and 10 months old were harvested on the days that experiments were conducted. The two cultivars showed no significant differences in the uptake of sucrose. However, younger, more actively growing plants had higher sucrose uptake rates than older, less actively growing plants.
MATERIALS AND METHODS

Preparation
Discs of root tissue were prepared by cutting slices 1 mm thick with a hand microtome. For sucrose uptake and proton efflux studies, discs 5 mm in diameter were cut from these slices with a sharp cork borer. Unless stated otherwise, the discs were washed three times for 1 min each in a large excess of deionized H20. The discs then were incubated for 2 to 3 h in aerated, deionized H20 (15 discs/ml H20). During this period, sucrose was released from the discs until the concentration of the ambient solution stabilized at 25 to 33 mM (20) .
For electrophysiological studies, the 1-mm slices of sugar beet root were equilibrated for 3 h in a solution of 10 mi KIDA5 and 1 mm Mops adjusted to pH 7.0 with KOH. About 0.35 g tissue/ml salt solution was used. After the incubation, the tissue slices were trimmed with a razor blade to fit into a rectangular 20-x 7-x 7-mm chamber.
Sucrose Uptake Measurements. The equilibrated discs were divided into sets of 30 discs each. Unless otherwise stated, the sets, in replicates of three, were preincubated for 15 min in a large excess of unlabeled base sucrose solution (40 mm sucrose, 1 mM Mops adjusted to pH 6.5 with KOH) with or without 10 ,M CCCP and with or without various treatments being tested for their effect on sucrose uptake.
After the 15-min preincubation, each set of discs was blotted gently with a Kimwipe and transferred to a vial containing the preincubation media plus [14C]sucrose. The specific radioactivity of the sucrose solutions was about 30,000 dpm/,umol sucrose, provided through appropriate dilution of uniformly labeled
[I4C]sucrose (1.9 mCi/mg sucrose). Sets of discs were incubated at room temperature in the labeled sucrose solutions for 4 to 8 h, depending on the experiment, while humidified air was slowly bubbled through each vial to prevent anaerobiosis. The specific radioactivity of the labeled sucrose solutions did not change significantly during the incubation period. The rate of[14C]sucrose uptake was linear for the first 6 h and then declined somewhat over the next 2 h uptake. However, active uptake into the vacuole did not begin until the cytoplasm had equilibrated with the external media. Linear active uptake showed a lag time of approximately 90 min. After the incubation, each set of discs was again washed three times for I min in a large excess of deionized H20 to remove labeled sucrose from the cut cells on the surface and about 90%o of the sucrose in the free space of the cell wall. Each set of discs was placed in a liquid scintillation vial containing 10 ml 80% ethanol and the preparation was heated to boiling. The vial was capped and allowed to stand overnight at room temperature. Ethanol was removed by boiling and the residue was adjusted to 4 ml with deionized H20. Radioactivity was determined by liquid scintillation spectroscopy and efficiency was determined by the channels ratio method. The initial fresh weight of undamaged tissue from 30 unequilibrated discs of sugar beet was about 0.75 g. This value 4Mention of a trademark or proprietary product does not constitute a guarantee or warranty of the product by the United States Department of Agriculture and does not imply its approval to the exclusion of other products that may also be suitable.
'Abbreviations: KIDA, potassium iminodiacetic acid; Mops, morpholinopropanesulfonic acid; BTP, bis-Tris-propane; CCCP, carbonyl cyanide m-chlorophenylhydrazone. was used to convert sucrose uptake rates onto a fresh weight basis.
Sucrose uptake from base sucrose solutions containing 10 iM CCCP was considered as passive sucrose uptake. CCCP at this concentration inhibited respiration more than 98% and led to no detectable net sucrose uptake; passive sucrose uptake probably involves ['4Cjsucrose uptake in exchange for unlabeled sucrose.
Recent results in this laboratory indicated that there is predominately passive movement of sucrose across the plasmalemma at the 40 mm sucrose concentrations used in these uptake experiments (20). Therefore, metabolically dependent or active sucrose uptake at the tonoplast could be calculated by substracting passive sucrose uptake (uptake in the presence of CCCP) from sucrose uptake in the absence of CCCP.
The effect of the alkali cations K+ and Na+ was tested in conjunction with the following anions: IDA-, Cl-, N03, S042, and HPO42-/H2PO4-. Anionic effects were tested using HCI, HNO3, H2SO4, H3PO4, and IDA-neutralized to pH 7.0 with BTP. For the study of proton effects on sucrose uptake, the pH of the base sucrose solution was modified. The base sucrose solutions were buffered at pH 5.0, 5.5, 6.0, 6.5, and 7.0 using 50 mm Mops at pH 8.0 using 50 mm Tricine. Since variable amounts of KOH were required for pH adjustment of the solutions, KIDA was added to the solutions so that the K+ ion concentration in all the solutions was 20 mm.
Proton Efflux Measurements. Measurements of proton efflux were made with a Sargent-Welch pH-stat using 12.5 mm BTP as the titrant. Discs were washed for 30 min in running tapwater and then equilibrated for 1 h in 1 mm CaSO4 ± 50 mm KIDA. Humidified air was continuously bubbled through the samples. After a 1-h equilibration period, 200 discs were placed in 20 ml fresh equilibration media and proton efflux was monitored at pH 6.5. Humidified, C02-free air was continuously bubbled through the incubation media. Rates of proton efflux were calculated from the linear slope of the titrant addition curves. Usually 30 After a 4-h uptake, the discs were rinsed three times for 3 min each in deionized H20 to remove free space sucrose. This was followed by two 60-min washes to remove labeled sucrose from the cytoplasm. The discs then were extracted overnight in 80%1o ethanol to remove sucrose from the vacuole. Total dpm in a compartment in the absence of CCCP minus uptake in the presence of CCCP was considered as active uptake. Effect of Anions on Sucrose Uptake. Although the stimulation of sucrose uptake by alkali salts correlated with the alkali-cation activities, and although anion/sugar co-transport has not, to the authors' knowledge, been reported in any organism, the effect of anions on sucrose uptake was tested in the absence of alkali cations to assure that the stimulation of sucrose uptake by alkali salts was, in fact, an alkali-cation effect. High concentrations of anions, supplied as BTP salts, inhibited rather than stimulated sucrose uptake (Table II) . This inhibition correlated with the usual permeabilities of the anions across biological membranes, i.e. the more membrane-permeable anions had greater inhibitory effects on sucrose uptake.
Effect of Ionophores on Sucrose Uptake. The ionophores valinomycin, gramicidin D, and nigericin influence the transport of monovalent cations across biological membranes (see ref. 17 and references therein). Thus, these ionophores should influence sucrose uptake if sucrose transport is occurring by a cation/sucrose co-transport mechanism. Valinomycin, a highly specific ionophore that causes a dissipation of the K+ ion electrochemical potential gradient, and gramicidin D, a rather nonspecific ionophore that dissipates K+, Na+, and proton gradients, strongly inhibited active uptake of sucrose (Table III) . Nigericin, which specifically stimulates K+ ion/proton exchange across membranes (17) reduced both active and passive uptake of sucrose; therefore, caution must be used in interpreting its specific effect on active sucrose transport.
Since valinomycin did not totally inhibit sucrose uptake in the previous experiment, it was unclear whether the inhibition was limited to K+ enhanced sucrose uptake or whether there existed a valinomycin-insensitive fraction. Therefore, valinomycin was tested for its ability to inhibit sucrose uptake both in the presence and absence of added K+. The results indicated that valinomycin inhibits sucrose uptake by 26% in the absence of K+ and eliminates K+ enhanced sucrose uptake (Table IV) . Thus, a portion of the CCCP-sensitive active uptake is insensitive to valinomycin.
The transient membrane depolarization and proton fluxes observed upon exposure of root-sink cells to sucrose and the regulation of sucrose uptake by factors influencing the electrical and/ or chemical potential gradients for protons and alkali cations (13) .
The theory that membrane transport of sugars is driven by a "proton motive force" generated as a result of proton pumping has received wide spread acceptance. Evidence for a protonsucrose symport consistent with the theory is accumulating in a wide range of species and tissue types (1, 5, 8) . However, many of these studies have not differentiated between transport at the plasmalemma and tonoplast (1, 8, 10, 15, 17) , even though transport of sugars at the two membranes may be quite different. For example, although a -64 mv potential between vacuole and low K+ external bathing media was found, it is generally held that the tonoplast potential is small and positive (16) . Therefore, following accepted electrophysiological convention, the plasma membrane potential would be large and negative. Furthermore, the pH of the vacuole is lower than that of the cytoplasm. Therefore, the downhill electrochemical potential gradient for protons would be outward from the vacuole rather than inward. The results presented here would suggest that, in sugar beet root tissue, the downhill electrochemical potential gradient across the tonoplast is coupled with sucrose uptake via a proton antiport system and that sucrose transport is coupled to a K+ gradient. Such a system for tonoplast transport has been suggested by Guy et al. (6) and may explain the results of Doll et al. (2) , using isolated vacuoles. Doll et al. (2) showed an acidic pH optimum of 5.6 for isolated red beet vacuoles but also found a response to K+ and Mg, presumably through stimulated ATPase activity. However, the pH of isolated vacuoles may increase during isolation (1 1). Changes in gradients during isolation of vacuoles makes comparative interpretation between them and tissue discs very difficult. However, it is conceivable that the carrier system may be responsive to proton gradients in both directions across the tonoplast, which would explain the discrepancy between the results presented here and those of Doll et al. (2) .
Characteristics of sucrose transport and cellular composition in the beet root sink contrasts in several ways with phloem loading of sucrose in source leaves (Table V) . These contrasting characteristics led to the hypothesis that the proton and/or K+ ion gradients which drive sucrose transport in higher plants occur in opposite directions in source and sink cells. It is proposed that the sucrose transport mechanisms in sink tissues are coupled to a proton/K+ ion-exchange reaction, such as that shown in Figure 4 , and it is envisioned that the energetic uphill movement of sucrose into the vacuole is coupled to the downhill movement of alkali cations into the vacuole and probably to the downhill movement of protons out of the vacuole. The potential gradients for alkali cations and protons may be generated and maintained by a vectorial alkali cation/proton exchange "pump" which would prevent the long-term buildup of alkali cations within the cell.
Evidence for involvement of a vectorial membrane ATPase in the pump mechanism is not clear. However, our preliminary data indicate that ATPase inhibitors, with the exception of oligomycin, inhibit sucrose uptake in discs of sugar beet roots.
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